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Summary
Seasonal dynamics of total non-structural carbo-
hydrates (TNC) in relation to the leaf-fruit ratio were 
measured over five years at different grapevine pheno-
logical stages in one- and two-year-old canes, trunks 
and roots of the cultivar 'Chasselas' (Vitis vinifera L.). 
Carbohydrates were mainly stored as starch in differ-
ent parts of the grapevine during the growing season. 
Soluble carbohydrates represented only a small part 
(<  7 % of dry weight, DW) of the TNC. In the roots 
and trunks, the starch content fluctuated during the 
growing season, reaching the lowest values between 
budbreak and flowering depending on the year, and 
the highest values between harvest and leaf fall. The 
soluble sugar content increased in the trunks and the 
two-year-old canes during the winter period with the 
decrease in temperatures. A negative correlation was 
established between the average air temperature re-
corded during the seven days before sample collection 
for carbohydrate analysis, and soluble carbohydrate 
content in the trunks and two-year-old canes. The leaf-
fruit ratio (source-sink), expressed by the “light-ex-
posed leaf area∙kg-1 fruit”, not only substantially influ-
enced the soluble sugar content in berries but also the 
starch and TNC concentrations in the trunks and roots 
at harvest. Higher leaf-fruit ratios resulted in increased 
starch and TNC concentrations in the trunks and roots, 
which attained the maximum values when the leaf-fruit 
ratio neared 2.0 m2 of light-exposed leaf area∙kg-1 fruit. 
Canopy height and leaf area had no predominant influ-
ence on the soluble sugars, starch contents, or TNC in 
the permanent vine parts. 
K e y  w o r d s :  carbohydrate reserves, total non-structural 
carbohydrates, starch, source-sink ratio, roots, wood.
Introduction
The carbohydrates synthesized by leaves during pho-
tosynthesis have many functions. They are the building 
blocks of organic compounds, store energy, and form sup-
port structures, such as cellulose, hemi-cellulose, and glu-
co-protein. All plant parts can store carbohydrates, either 
temporarily (C reserves accumulated in leaves during day-
time then used under stress conditions or during the night; 
FOYER 1988), or for a longer time, such as in the canes, 
trunks and roots (KELLER 2010).
In grapevines, the non-structural carbohydrates (TNC) 
in roots and wood fractions play a key role for the vine 
longevity and the quality potential at harvest. Indeed, TNC 
are not only involved in the protection against frost (KEL-
LER 2010), but they also take part in the leaf area devel-
opment, shoot growth as well as in the flower induction 
(YANG and HORI 1979, KELLER and KOBLET 1994, MURISIER 
and AERNY 1994). Furthermore is also established that rap-
id accumulation of soluble solids in berries at veraison is 
mainly due to the mobilization of TNC previously stored 
in the permanent organs. Studies of seasonal TNC varia-
tions in the canes, trunks and roots gave the opportunity to 
analyze TNC dynamics, for both soluble (sucrose, glucose, 
and fructose) and insoluble (starch) carbohydrates and 
their allocation between source and sink organs (WINKLER 
and WILLIAMS 1945, WILLIAMS 1996). In addition, other 
works demonstrated that climate (WAMPLE et al. 1993), wa-
ter restriction (NDUNGU et al. 1997, ROGIERS et al. 2011), 
crop load (SMITH and HOLZAPFEL 2009), canopy manage-
ment (WEYAND and SCHULTZ 2006) and grape variety (RÜHL 
and ALLEWELDT 1990) influenced C assimilation and TNC 
reserves, particularly in the permanent parts (trunks and 
roots). Canopy management including shoot topping and 
defoliation can also influence TNC reserves and allocation 
in plants by changing the source-sink ratio (SCHOLEFIELD 
et al. 1978, CANFOLDI-VASCONCELLOS and KOBLET 1990, 
VASCONCELLOS and CASTAGNOLI 2000, BENNETT et al. 2005). 
Recently, SMITH and HOLZAPFEL (2009) demonstrated that 
higher yielding grapevines were more dependent on the 
post-harvest period for the replenishment of TNC reserves, 
especially in the roots, than lower yielding vines. Under 
cool-climate conditions, it has been shown that a minimum 
leaf-fruit ratio approaching 10 to 20 cm2 leaf-area/g fruit 
(KLIEWER and DOKOOZLIAN 2005) or 1.0 to 1.4 m2 light-ex-
posed leaf area∙kg-1 fruit (MURISIER and ZUFFEREY 1997) is 
required for obtaining adequate grape maturation. MURIS-
IER (1996) mentioned a correlation between the leaf-fruit 
ratio and the formation of TNC reserves in the woody parts 
and roots of the cultivar Chasselas. Finally, TNC reserves 
took part not only in vegetative and reproductive growth 
and energy requirements (respiration) but also in grapevine 
defense against biotic (JERMINI et al. 2010 a, b) and abiotic 
stress.
To analyze the seasonal dynamics of TNC reserves 
in different parts of the grapevine (roots and woody frac-
tions), and to characterize the influence of the source-sink 
ratio, an experiment was conducted in the field on ma-
ture grapevines of 'Chasselas' with different leaf-fruit ra-
tios. The variations of the  leaf-fruit ratio were obtained 
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in manipulating the canopy height and the crop load. The 
seasonal dynamics of the TNC reserves was observed dur-
ing 5 consecutive years in order to point out  the inter and 
intra-annual mobilization and storage of TNC in the grape-
vines. The influence of the leaf-fruit ratio on the TNC con-
tent in the permanent parts of the grapevine at harvest was 
also investigated. 
Material and Methods
S t u d y  s i t e  a n d  p l a n t  m a t e r i a l :  The ex-
periment was conducted between 1998 and 2002 on Vitis 
vinifera L. 'Chasselas' (clone 14/33-4, rootstock 3309 C, 
planted in 1986) at the research station Agroscope Chan-
gins-Wädenswil ACW, in the experimental vineyard of 
Pully, Switzerland (46°32’N, 7°17’E). The plot was orient-
ed South with a 10 % to 15 % slope. Vines were pruned in a 
vertical shoot positioning system (cane pruning), including 
six shoots per vine. Two planting densities, 4,900 vines∙ha-1 
(2.4 x 0.85 m2) and 9800 vines∙ha-1 (1.2 x 0.85 m2), each 
comprising two heights of canopy (0.75 and 1.25 m) with 
the same trunk height (0.6 m), were compared. The soil of 
the vineyard in Pully is deep and fertile, with a high water 
holding capacity estimated to be above 200 mm on 2 me-
ters soil depth. Annual precipitation and monthly precipita-
tion are reported in Tab. 1. The climatic data were collected 
from the weather station located in the very plot used for 
this experiment (www.météosuisse.ch).
L e a f - f r u i t  r a t i o  v a r i a t i o n :  Leaf-fruit ratio 
was manipulated in two ways (Tab. 2):
1) By varying the canopy height (H): two canopy heights 
(0.75 and 1.25 m) were maintained throughout the sea-
son by successive toppings. The first topping was con-
ducted at the end of flowering on day of year (DOY) 
182; the shoots were re-topped every three weeks.
2) By varying the yield: two levels of yield were com-
pared by keeping 1 or 2 fruit clusters per shoot. Cluster 
dropping was completed when the grapes were pea-
sized (DOY 190-200, depending on the year).
L e a f  a r e a  m e a s u r e m e n t :  Leaf area was de-
termined non-destructively several times during the grow-
ing season, in 1998 and 2000, by measuring the length of 
each leaf lamina’s two secondary lateral veins. Lengths 
were converted to areas using allometric equations devel-
oped from direct area measurements of previously har-
vested leaves (n = 200; r2 = 0.96). All primary and lateral 
leaves on two shoots per vine (12 shoots per treatment) 
were measured to estimate the average leaf area per shoot. 
The average shoot leaf area was used to estimate total 
vine leaf area by multiplying it by the number of shoots 
per vine. The leaf area exposed to saturating light (PFD 
> 1,200 µmol m-2∙s-1) was estimated using Carbonneau’s 
method (1995). This estimation takes into account the 
height of effective canopy (H), the canopy thickness (e), 
the row spacing (E) and the rate (in percentage) of canopy 
gaps (T), using the formula: 
L i g h t - e x p o s e d  l e a f  a r e a  =  [ ( 2  x  H )  
+  e ]  /  [ E  x  ( 1 - T ) ] :  Light-exposed leaf area was 
estimated every year at veraison (BBCH 81). The leaf-fruit 
or source-sink ratio was estimated using the ratio of light-
exposed leaf area to crop load per vine (light-exposed leaf 
area∙kg-1 fruit).
P l a n t  s a m p l e s  a n d  c a r b o h y d r a t e  a n a l -
y s e s :  Samples of one-year-old canes, two-year-old 
canes (fruit canes), trunks and roots were collected from 
each vine plant during the main development stages of 
the grapevine following Lorenz et al. (1994) development 
scale (winter dormancy BBCH 0, budbreak BBCH 11, 
flowering BBCH 65, veraison BBCH 81, harvest BBCH 
91 and leaf fall BBCH 97). At each phenological stage, 
three vines per treatment (12 vines total) were mechani-
cally excavated, extracting the maximum possible quantity 
of roots. Approximately 1 kg of roots of all lengths and 
diameters were collected, immediately washed and frozen 
with liquid nitrogen. The roots were then stored at -20 °C. 
Wood samples were also collected destructively with prun-
ing shears. Approximately 400 g of each of the three wood 
types (one- and two-year-old canes and trunk) was collect-
ed from each vine, frozen with liquid nitrogen, and stored 
at -20 °C for analysis. All root and wood samples were 
T a b l e   1
Monthly precipitation totals (mm) at the experimental site in 
Pully, Switzerland, during the five study years in comparison to 
long-term averages (1960-1990)
Precipitation (mm)
1998 1999 2000 2001 2002 Ø 30 
years
January 85 58 18 202 41 72
February 21 120 125 38 77 68
March 39 55 58 322 56 76
April 165 123 108 160 41 75
May 34 153 55 113 191 93
June 42 175 48 193 77 111
July 51 68 157 139 115 107
August 68 209 137 82 106 121
September 222 144 74 148 47 108
Oktober 143 115 185 84 179 93
November 140 90 172 49 260 88
December 33 142 53 34 100 93
Annual Total 1044 1452 1190 1565 1290 1101
T a b l e   2
Plant density, row spacing, foliage height and cluster number 
maintained per shoot of Chasselas grapevines in Pully, Switzerland 
from 1998-2002
Plant density
(vines∙ha-1)
Row spacing 
(m)
Foliage height 
(m)
Cluster per 
shoot
0.75
1
9800 1.2
2
1.25
1
2
0.75
1
4900 2.4
2
1.25
1
2
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Fig. 1: Mean air temperature (A-E) and seasonal evolution of soluble carbohydrates (sucrose, glucose, and fructose), starch and total 
non structural carbohydrate (TNC) contents in the canes (P-T), trunks (K-O) and roots (F-E) of 'Chasselas' grapevines in Pully, Swit-
zerland from 1998-2002. The means ± 2 x standard error, n = 12. DW: dry weight.
weighed before freezing in the field to determine their fresh 
weight, and then before cryo-dessication (freeze-drying) at 
Eurolyo laboratory, Chartres (France). Each freeze-dried 
sample was finely ground at 1,200 µm. Soluble sugars 
(including glucose, fructose and sucrose) and starch were 
analyzed enzymatically (kit LISA 200C, CETIM, France) 
and then measured spectrophotometrically at 340 nm with 
an ELx800UV automated micro-plate reader (Bio-Tek In-
struments Inc., Vermont, USA) as described by (GOMEZ 
et al. 2007).
Y i e l d  a n d  F r u i t  c o m p o s i t i o n :  All grapes 
from each vine were harvested separately. The effective 
yield (crop load per vine) and berry weight (on 50 ber-
ries per vine) were measured. Grapes from each vine were 
crushed separately to quantify the soluble sugars, pH and 
total acidity.
S t a t i s t i c a l  a n a l y s i s :  Polynomial regressions 
and analyses of variance (ANOVA) were calculated with 
SigmaStat 3.1 (Systat Software, Point Richmond, CA).
Results
S e a s o n a l  T N C  d y n a m i c s :  Seasonal dynam-
ics of the soluble (sucrose, glucose and fructose) and insol-
uble (starch) carbohydrates in the roots, trunks and canes 
revealed that most the storage was in the form of starch 
(Fig. 1). In the roots (Fig. 1 F-J), the soluble sugars showed 
small variations and represented less than 3 % of dry 
weight (DW) during the season, while the starch content 
fluctuated between 12 % and 20 % of DW depending on 
the season. During each year, the root starch progressively 
increased just before flowering, increasing further between 
flowering and veraison. The accumulation of root starch 
continued through harvest until leaf fall, except in 2001. 
A decrease of starch in the roots was observed just before 
budbreak, sometimes lasting nearly until flowering. 
In the trunks and canes (Fig. 1 K-T), starch was the 
dominant form of stored carbohydrates during the growing 
season, but in a lower concentration than in the roots. Con-
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version of starch into soluble carbohydrates was observed 
during the winter, coinciding with lower temperatures. The 
starch level was the lowest around flowering period in the 
two-year-old cane wood. Soluble carbohydrate concentra-
tions increased from 2-3 % to 7-8 % DW between DOY 
300 (leaf fall) and DOY 60 (during the dormancy period). 
A correlation was established between soluble sugar con-
centrations in the canes and trunks and the average air tem-
perature of the 7 d before sample collection (Fig. 2). The 
maximum sugar concentration in the reserve tissues was 
measured at the lowest average daily temperatures, around 
0 °C in this experiment. The maximum level of TNC re-
serves was observed at leaf fall in all parts of the vine, and 
the minimum level of soluble sugar reserves was observed 
just before flowering. Planting density had no major im-
pact on the TNC content in the shoots (one-year-old), canes 
(two year-old), trunks or roots (results not shown).
I n f l u e n c e  o f  l e a f - f r u i t  r a t i o :  Fig. 3 rep-
resents the seasonal evolution of leaf area per vine in 2000. 
The vines maintained at 0.75 m canopy height (H) had a 
leaf area of around 2.5 m2∙vine from the end of flowering 
until harvest, while the vines with a 1.25 m tall canopy had 
a leaf area of about 4.5 m2∙vine. Neither canopy height nor 
leaf area had any impact on the TNC content in the one- or 
two-year-old canes (Fig. 4 A-B). However, in the trunks 
and roots of the 0.75 m canopy vines, the TNC content 
measured in 2000 was lower in the winter (BBCH 0) and at 
budburst (BBCH 11) compared to the 1.25 m canopy vines 
(Fig. 4 C-D), and it was higher at veraison (BBCH 81). 
However, in 1998, 1999 and 2001, there was no signifi-
cant impact of canopy height or leaf area on soluble sug-
ars (Fig. 5 A-D), starch (Fig. 5 E-H), or TNC in the roots 
(Fig. 5 I-L). Similar results were observed in the trunks and 
one- and two-year-old wood (results not shown).
The leaf-fruit ratio (light-exposed leaf area/kg fruit) 
had a great impact on berry sugar content at harvest during 
the four years of this study (Fig. 6 A-D). The highest berry 
sugar contents were observed when the leaf-fruit ratio was 
above 1.5 m2∙kg. Similarly, the TNC concentration in the 
trunks and roots – measured just before harvest (BBCH 
91) – increased with a higher leaf-fruit ratio (Fig. 6 E-L). 
Fig. 4: Seasonal evolution of total non structural carbohydrates 
(TNC) in the one-year-old wood, canes, trunks and roots for two 
foliage heights (H = 0.75 m and 1.25 m) of 'Chasselas' grape-
vines in Pully, Switzerland in 2000. The means ± 2 x standard 
error, n = 6. DW: dry weight. *denotes statistical significance at 
p < 0.05. D: dormancy, BB: budburst, F: flowering, V: veraison, 
H: harvest.
Fig. 2: Relationship between the cane and trunk soluble carbo-
hydrates and the mean air temperature over the preceding 7 d in 
'Chasselas' grapevines in Pully, Switzerland from 1998-2002. The 
means ± 2 x standard error, n = 12. DW: dry weight.
Fig. 3: Seasonal evolution of estimated leaf area per vine during 
the 2000 growing season for two different foliage heights (H = 
0.75 m and 1.25 m) of 'Chasselas' grapevines in Pully, Switzer-
land in 2000. The means ± 2 x standard error, n = 6.
 Carbohydrate reserves in grapevine 107
Fig. 5: Seasonal evolution of soluble carbohydrates, starch and total non structural carbohydrates (TNC) in the roots for two foliage 
heights (H = 0.75 m and 1.25 m) of 'Chasselas' grapevines in Pully, Switzerland from 1998-2001. The means ± 2 x standard error, n 
= 6. DW: dry weight. *denotes statistical significance at p < 0.05. D: dormancy, BB: budburst, F: flowering, V: veraison, H: harvest, 
LF: leaf-fall.
The curve fitting - calculated from 1998 to 2001- between 
leaf-fruit ratio and TNC contents shows that the highest 
TNC values were reached when the leaf-fruit ratio was 
above 2.0 m2∙kg-1. Likewise, the TNC content in the roots 
was reduced by 50 % when the leaf-fruit ratio was around 
0.5 m2∙kg-1, in comparison to the maximum TNC values 
with a leaf-fruit ratio at 2.0 m2∙kg-1 (Fig. 7 C). Because 
TNC is mainly starch, a similar relation was observed be-
tween the leaf-fruit ratio and starch content in the trunks 
and roots (Fig. 7 B). On the other hand, the correlation 
between soluble carbohydrates and the leaf-fruit ratio was 
less obvious.
Discussion
S e a s o n a l  T N C  v a r i a t i o n s :  Seasonal TNC 
dynamics show that 'Chasselas' stores carbohydrates as 
starch in the roots, trunks and one- and two-year-old wood. 
Soluble carbohydrates represented less than 7 % DW of 
TNC reserves in all grapevine parts, and even less in the 
roots (< 2 %). These results confirm earlier observations of 
different grapevine cultivars (WINKLER and WILLIAMS 1945, 
EIFERT et al. 1961, SCHOLEFIELD et al. 1978, KOBLET et al. 
1993, WILLIAMS 1996, BATES et al. 2002, ZAPATA et al. 2004, 
BENETT et al. 2005, WEYAND and SCHULTZ 2006, FIELD et 
al. 2009, SMITH and HOLZAPFEL 2009) and on other woody 
species (LOESCHER et al. 1990). In cool climate conditions, 
maximum TNC values were observed at around 13-16 % 
DW in dormant grapevines (EIFERT et al. 1961, KORKAS et 
al. 1994, BATES et al. 2002; Weyand and Schultz 2006). In 
a hot climate, higher TNC values of above 30 % DW could 
be observed (WINKLER and WILLIAMS 1945, SCHOLEFIELD et 
al. 1978, SMITH and HOLZAPFEL 2009). In this study, inter-
mediate TNC values (10-25 % DW) were observed in the 
trunks and roots. With 'Chasselas', root starch concentra-
tion reached maximum values during dormancy and then 
started decreasing just before budbreak and continued to 
drop until flowering. The starch decrease during this period 
could be partially explained by the root necrosis process 
(ZAPATA et al. 2001) and by the loss caused by sap bleeding 
after pruning (GLAD et al. 1992, CAMPBELL and STROTHER 
1996). Besides root necrosis and sap bleeding, decline in 
starch reserves indicate that carbohydrate reserves in roots 
play a key role in leaf and root growth during the period 
from budbreak to flowering (MURISIER 1996). The rapid 
growth of shoots and leaves during this part of the season 
is mainly due to mobilization of TNC reserves and particu-
larly starch (BATES et al. 2002, ZAPATA et al. 2004), while 
photosynthesis covers only a part of growth and energy re-
quirements during this period (KOBLET and PERRET 1982, 
SCHULTZ et al. 1996, KELLER 2010).
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In trunks and one- and two-year-old wood, starch was 
converted into soluble sugars during the winter, improv-
ing the wood frost resistance (WAMPLE and BARY 1992, 
WAMPLE et al. 1993, HAMMAN et al. 1996, KOUSSA et al. 
1998). Because starch is osmotically inactive, it does not 
improve frost resistance by itself. Thus, grapevine acclima-
tization  requires a conversion of starch – stored in phloem 
and xylem parenchyma cells – into soluble sugars (mainly 
sucrose), which allow the reduction of osmotic potential 
in the tissues and play the role of cryo-protectors (FENNEL 
et al. 2004, KELLER 2010). This conversion seems to be ini-
tiated by autumn temperatures below 5 °C (KELLER 2010) 
and by shorter days, and continues until the middle of win-
ter. The phenomena is still present in this study, but less 
pronounced as per KELLER and LOESCHER’s results (1989) 
on sweet berry. The starch content in wood fractions tend-
ed to increase between dormancy and budbreak (particu-
larly in 2000) on 'Chasselas', as observed by WEYAND and 
SCHULTZ (2006) on 'Riesling'. These authors suggested that 
the starch increase was probably related to assimilation 
from sugars associated with an increase in ambient tem-
perature before budbreak, which replenished starch deplet-
ed for maintenance of respiration in winter (MOONEY and 
GARTNER 1991). However, starch content in the one- and 
two-year-old wood decreased after budburst and reached 
its minimum value at cluster closure as per WEYAND and 
SCHULTZ’ results (2006). In trunks, however, starch was ac-
cumulated from budburst until harvest.
The starch accumulation in roots and woody parts was 
more important at the end of the season 2000. This phe-
nomenon could be partly explained by the lower rainfalls 
and the higher solar radiation observed in September 2000 
in comparison to the three other years at the same period. 
These favorable climatic conditions maintained a high leaf 
photosynthetic activity during fall 2000 (non published 
results). In opposite, the falls 1998 and 1999 were partic-
ularly rainy and cloudy with negative effects on canopy 
photosynthesis and TNC storage.
L e a f - f r u i t  r a t i o :  In this study, the source-
sink relation - expressed by the ratio of light-exposed leaf 
area∙kg-1 fruit - clearly influenced the starch and TNC 
concentrations in the permanent parts of the grapevines 
(trunks and roots) at harvest. The TNC content in the roots 
strongly diminished when the leaf-fruit ratio was less than 
1.5 m2∙kg-1. The present results corroborate other studies 
(HOLZAPFEL et al. 2006, SMITH and HOLZAPFEL 2009) that 
showed the leaf-fruit ratio as an important factor of the 
process of carbohydrate refilling in roots before and after 
harvest. Moreover, these studies reported that higher yield-
ing grapevines were much more dependent on climatic 
conditions during post-harvest period (hot inland region of 
New South Wales, Australia) in terms of TNC reserve re-
plenishment compared to lower yielding grapevines.
In cool-climate conditions without water restriction, 
the observed late-season vegetative growth probably rep-
resented a powerful sink on TNC dynamics between verai-
son and harvest. Indeed, grapevines with greater leaf area 
(H = 1.25 m; LA∙vine-1 = 4.5 m2) accumulated less starch 
and less TNC in the trunks and roots around veraison in 
1998 and 2000 compared to grapevines with smaller leaf 
area (H = 0.75 m; LA∙vine-1 = 2.5 m2). In this case, C-as-
similation in grapevines with greater leaf area (LA∙vine-1 
= 4.5 m2) was mainly allocated to vegetative growth of 
secondary shoots, which were more numerous than in the 
grapevines with smaller leaf area (unpublished data). Nev-
ertheless, TNC reserves at harvest were similar between the 
two canopy heights (H = 0.75 m and H = 1.25 m), show-
ing an equilibrium between assimilation, translocation and 
Fig. 6: Influence of the leaf to fruit ratio (light-exposed leaf area/kg fruit) on sugar accumulation in the berries and total non structural 
carbohydrate (TNC) in the trunks and roots at harvest time (n = 12) in 'Chasselas' grapevines in Pully, Switzerland from 1998-2001. 
DW: dry weight.
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C-storage in the permanent parts of grapevine. Different 
canopy manipulation experiments (tipping, leaf removal) 
performed by VASCONCELOS and CASTAGNOLI (2000) have 
also illustrated that the leaf-fruit ratio could influence 
starch and TNC mobilization in the trunks of 'Pinot Noir' 
during dormancy. After two consecutive years of intensive 
defoliation (removal of all leaves of primary and second-
ary shoots), starch content in wood decreased markedly in 
contrast to the non-defoliated treatment in an experiment 
performed by CANDOLFI-VASCONCELOS and KOBLET (1990). 
Moreover, a positive correlation was reported by these 
authors between the soluble sugar content in the berries 
and the starch reserves in the wood, showing that the fruits 
and wood were both important sink organs for TNC stor-
age during maturation, depending on the leaf-area per vine. 
The present study also showed a strong positive correla-
tion between the starch reserve in the roots and the soluble 
sugar content in the berries at harvest (r = 0.85; p < 0.01) 
and they were dependent on the leaf-fruit ratio. Likewise, 
MURISIER (1996) also mentioned a positive correlation be-
tween the leaf-fruit ratio and TNC content (mainly starch) 
in the permanent parts of grapevine. In the present study, 
the low starch and TNC content in roots, measured at the 
end of the seasons 1998 and especially 1999, could mainly 
be due to a lower leaf-fruit ratio, in comparison to 2000 
and 2001, which reduced C-assimilation and storage. 
Another explanation for the lower starch content in roots 
could be the translocation of sugars from starch mobili-
zation in roots and woody fractions to the berries during 
the ripeness when the weather conditions are unfavorable 
(high precipitations, low solar radiation).
The present results were obtained in well-watered 
grapevines, favorable to vegetative growth and even ex-
cess vigor in some years. The impact of water restriction 
represents a major factor not only in C assimilation, but 
also in TNC storage and allocation in the different sink or-
gans of grapevines (CANDOLFI-VASCONSCELOS et al. 1994, 
HOLZAPFEL et al. 2010). Future research would be required 
to study the effects of water stress in relation to the source-
sink ratio on TNC reserves by grapevine.
Conclusion
Grapevines store non-structural carbohydrates, mostly 
as starch, in the different parts of the perennial structure. 
An important mobilization of starch from roots and trunks 
was observed during the period from budburst to flowering 
and was related to the decrease of TNC reserves in the same 
organs. The lowest level of TNC was measured in roots 
and trunks at flowering time. From flowering until leaf fall, 
starch accumulated in the roots, trunks and one- and two-
year-old wood. The highest level of TNC was measured 
at harvest and sometimes even later at leaf fall. The TNC 
and starch contents in roots were higher at the end of the 
season 2000 in comparison to the other years, probably due 
to the prevailing climatic conditions which were favorable 
to a high canopy photosynthesis. The leaf-fruit ratio – ex-
pressed by the ratio of light-exposed leaf area per kg fruit 
– strongly determined the starch and TNC contents in the 
trunks and roots at harvest. The starch and TNC concen-
trations increased along with the source-sink ratio up to a 
maximum value of about 2.0 m2 of light-exposed leaf area 
per kg fruit. The root starch content doubled from 12 to 
25 % D.W., when the leaf-fruit ratio increased from 0.5 to 
2.0 m2 of light-exposed leaf area per kg fruit. On the other 
hand, the relationship between soluble carbohydrates and 
leaf-fruit ratio was less obvious.
Acknowledgements
The teams of department 15 (viticulture, oenology 
and wine/fruit/plant analysis) of the Agroscope Changins-
Wädenswil ACW Research Station, as well as the teams 
of the UMR Ecophysiology and Genomics laboratory and 
INRA Bordeaux, are greatly thanked for their analytic and 
technical assistance in this study. We would like to thank 
S. KANDOI-VERDENAL for her assistance with the English 
translation.
References
BATES, T. R.; DUNST, R. M.; JOY, P.; 2002: Seasonal dry matter, starch, 
und nutrient distribution in Concord grapevine roots. HortScience 
37, 313-316.
BENETT, J.; JARVIS, P.; CREASY, G. L; TROUGHT M. C. T.; 2005: Influence of 
defoliation on overwintering carbohydrate reserves, return bloom, 
Fig. 7: Influence of the leaf to fruit ratio (light-exposed leaf 
area∙kg-1 fruit) on soluble carbohydrate, starch and total non 
structural carbohydrate (TNC) in the roots at harvest (n = 12) 
of 'Chasselas' grapevines in Pully, Switzerland from 1998-2001. 
DW: dry weight.
 110 V. ZUFFEREY et al.
and yield of mature Chardonnay grapevines. Am. J. Enol. Vitic. 56, 
386-393.
CAMPBELL, J. A.; STROTHER, S.; 1996: Seasonal variation in pH, carbo-
hydrate and nitrogen of xylem exudates of Vitis vinifera L. Aust. J. 
Plant Physiol. 23, 115-118.
CANDOLFI-VASCONCELOS, M. C.; CANDOLFI M. P.; KOBLET W.; 1994: Re-
translocation of carbon reserves from the woody storage tissues into 
the fruit as a response to defoliation stress during the ripening period 
in Vitis vinifera L. Planta 192, 567-573.
CANDOLFI-VASCONCELOS M. C.; KOBLET W.; 1990: Yield, fruit quality, bud 
fertility and starch reserve of the wood as a function of leaf removal 
in Vitis vinifera. Evidence of compensation and stress recovering. 
Vitis 29, 199-221.
CARBONNEAU, A.; 1995: La surface foliaire exposée potentielle. Guide 
pour sa mesure. Progr. Agric. Vitic. 112, 204-212.
EIFERT, T. J.; PANCZEL, M.; EIFERT, A; 1961: Änderung des Stärke- und 
Zuckergehaltes der Rebe während der Ruheperiode. Vitis 2, 
257-264.
FENNELL, A.; 2004: Freezing tolerance and injury in grapevines. In: R. 
ARORA (Ed.): Adaptations and responses of woody plants to environ-
mental stresses, 201-235. Food Products Press, Binghamton, NY.
FIELD, S. K.; SMITH, J. P.; HOLZAPFEL, B. P.; HARDIE, W. J.; EMERY, R. J. N.; 
2009: Grapevine response to soil temperature: xylem cytokinins and 
carbohydrate reserve mobilization from budbreak to anthesis. Am. J. 
Enol. Vitic. 60, 164-171.
FOYER, C.; 1988: Feedback inhibition of photosynthesis through source-
sink regulation in leaves. Plant Physiol. Biochem. 26, 483-492.
GLAD, C.; REGNARD, J. L.; QUEROU, Y.; BRUN, O.; MOROT-GAUDRY, J. F.; 
1992. Flux and chemical composition of xylem exudates from Char-
donnay grapevines: temporal evolution and effect of recut. Am. J. 
Enol. Vitic. 43, 275-282.
GOMEZ, L.; BANCEL, D.; RUBIO, E.; VERCAMBRE, G.; 2007: The microplate 
reader: an efficient tool for the separate enzymatic analysis of sugars 
in plant tissues - validation of a micro-method. J. Sci. Food Agric. 
87, 1893-1905.
HAMMAN, R. A.; DAMI, I. E.; WALSH, T. M.; STUSHNOFF, C.; 1996: Seasonal 
carbohydrate changes and cold hardiness of Chardonnay and Ries-
ling grapevines. Am. J. Enol. Vitic. 47, 31-36.
HOLZAPFEL, B. P.; SMITH, J. P.; FIELD, S. K.; HARDIE, W. J.; 2010: Dynam-
ics of carbohydrate reserves in cultivated grapevines. Hortic. Rev. 
37, 143-211.
HOLZAPFEL, B. P.; SMITH, J. P.; MANDEL, R. M.; KELLER M.; 2006. Manipu-
lating the postharvest period and its impact on vine productivity of 
Semillon grapevines. Am. J. Enol. Vitic. 57, 148-157.
JERMINI, M.; BLAISE, P.; GESSLER, C.; 2010 a: Quantification of the influ-
ence of the downy mildew (Plasmopara viticola) epidemics on the 
compensatory capacities of Vitis vinifera cv Merlot to limit the qual-
itative yield damage. Vitis 49, 153-160.
JERMINI, M.; BLAISE, P.; GESSLER, C.; 2010 b: Response of Merlot (Vitis 
vinifera) grapevine to defoliation caused by downy mildew (Plas-
mopara viticola) during the following growing season. Vitis 49, 
161-166.
KELLER, M.; 2010: The Science of Grapevines. Anatomy and Physiology. 
Elsevier Edition. London.
KELLER, M.; KOBLET, W.; 1994: Is carbon starvation rather than excessive 
nitrogen supply the cause of influorescence necrosis in Vitis vini-
fera? Vitis 33, 81-86.
KELLER, J. D.; LOESCHER W. H.; 1989: Nonstructural carbohydrate par-
titioning in perennial parts of sweet cherry. J. Am. Soc. Hort. Sci. 
114, 969-975.
KOBLET, W.; CaNDOLFI-VASCONCELOS, M. C.; AESCHIMANN, E.; HOWEL, 
G. S.; 1993: Influence of defoliation, rootstock and training system 
on Pinot Noir grapevines. I. Mobilization and reaccumulation of as-
similates in woody tissue. Vitic. Enol. Sci. 48, 104-108.
KOBLET, W.; PERRET, P.; 1982: Wanderung, Einlagerung und Mobilisation 
von Kohlenhydraten in Reben. Die Weinwissenschaft 37, 277-319.
KORKAS, E.; SCHALLER, K.; LÖHNERTZ, O.; LENZ, H.; 1994: Die Dynamik, 
nicht-struktureller Kohlenhydrate in Reben (Vitis vinifera L. cv. 
Riesling) im Verlauf zweier Vegetationsperioden unter dem Ein-
fluss einer langjährig variierten Stickstoffdüngung. Teil I: Vor und 
während der Austriebsphase. Vitic. Enol. Sci. 49, 86-89.
KOUSSA, T.; CHERRAD, M.; BERTRAND, A.; BROQUEDIS, M.; 1998: Comparai-
son de la teneur en amidon, en glucides solubles et en acide abscis-
sique des bourgeons latents et des entre-noeuds au cours du cycle 
végétatif de la vigne. Vitis 37, 5-10.
KLIEWER, W. M.; DOKOOZLIAN, N. K.; 2005: Leaf area/crop weight ratios 
of grapevines: influence on fruit composition and wine quality. Am. 
J. Enol. Vitic. 56, 170-181.
LOESCHER, W. H.; McCAMANT, T.; KELLER, J. D.; 1990: Carbohydrate 
reserves, translocation, und Storage in Woody Plant Roots. Hort-
Science 25, 274-281.
LORENZ, W. H.; EICHHORN K. W.; BLEIHOLDER H.; KLOSE R.; MEIER U.; 
WEBER E.; 1994: Phänologische Entwicklungsstadien der Weinrebe 
(Vitis vinifera L. ssp. vinifera). Vitic. Enol. Sci. 49, 66-70.
MOONEY, H. A.; GARTNER B. L.; 1991: Reserve economy of vines. In: F. E. 
PUTZ, H. A. MOONEY (Eds): The biology of vines, 161-179. Cam-
bridge University Press, Cambridge, UK.
MURISIER, F.; 1996: Optimalisation du rapport feuille-fruit de la vigne 
pour favoriser la qualité du raisin et l’accumulation des glucides de 
reserves. Relation entre le rendement et la chlorose. PhD. Thesis, 
Ecole Polythechnique Fédérale de Zurich, Switzerland.
MURISIER, F.; AERNY, J.; 1994: Influence du niveau de rendement de la 
vigne sur les réserves de la plante et sur la chlorose. Rôle du porte-
greffe. Rev. Suisse Vitic. Arboric. Hortic. 26, 281-287.
MURISIER, F.; ZUFFEREY, V.; 1997: Rapport feuille-fruit de la vigne et qual-
ité du raisin. Rev. Suisse Vitic. Arboric. Hortic. 29, 355-362.
NDUNG’U, C. K.; SHIMIZU, M.; OKAMOTO, G.; HIRANO, K.; 1997: Abscisic 
acid, carbohydrates, and nitrogen contents of Kyoho grapevines in 
relation to budbreak induction by water stress. Am. J. Enol. Vitic. 
48, 115-120.
ROGIERS, S. Y.; HOLZAPFEL, B. P.; SMITH, J. P.; 2011: Sugar accumulation in 
root of two grape varieties with contrasting response to water stress. 
Ann. Appl. Biol. 159, 399-413.
RÜHL, E. H.; ALLEWELDT, G.; 1990: Effect of water stress on carbohydrate 
accumulation in root and stem of four different grapevine varieties. 
Vitic. Enol. Sci. 45, 156-159.
SCHOLEFIELD, P. B.; NEALES, T. P.; MAY, P.; 1978: Carbon balance of the 
Sultana vine (Vitis vinifera L.) and the effects of autumn defoliation 
by harvest pruning. Aust. J. plant physiol. 5, 561-570.
SCHULTZ, H. R.; KIEFER, W.; GRUPPE, W.; 1996: Photosynthetic duration, 
carboxylation efficiency and stomatal limitation of sun and shade 
leaves of different ages in field-grown grapevine (Vitis vinifera L.). 
Vitis 35, 169-176.
SMITH, J. P.; HOLZAPFEL, B. P.; 2009: Cumulative responses of Semillon 
grapevines to late season perturbation of carbohydrate reserve sta-
tus. Am. J. Enol. Vitic. 60, 461-470.
VASCONCELOS, M. C.; CASTAGNOLI, S.; 2000: Leaf canopy structure and 
vine performance. Am. J. Enol. Vitic. 51, 390-396.
YANG, Y. S.; HORI, Y.; 1979: Studies on retranslocation of accumulated 
assimilates in Delaware grapevines. I. Retranslocation of 14C-as-
similates in the following spring after 14C feeding in summer and 
autumn. Tohoku J. Agric. Res. 30, 43-56.
WAMPLE, R. L.; BARY, A.; 1992: Harvest date as a factor in carbohydrate 
storage and cold hardiness of Cabernet Sauvignon grapevines. J. 
Am. Soc. Hort. Sci. 117, 32-36.
WAMPLE, R. L.; SPAYD, S. E.; EVANS, R. G.; STEVENS, R. G.; 1993: Nitrogen 
fertilization of white Riesling grapes in Washington: nitrogen sea-
sonal effects on bud cold hardiness and carbohydrate reserves. Am. 
J. Enol. Vitic. 44, 159-167.
WEYAND, K. M.; SCHULTZ, H. R.; 2006: Long-term dynamics of nitrogen 
and carbohydrate reserves in woody parts of minimally and severe-
ly pruned Riesling vines in a cool climate. Am. J. Enol. Vitic. 57, 
172-182.
WILLIAMS, L. E.; 1996: Grapes. In: E. ZAMSKI, A. A. SCHAFFER (Eds): Pho-
toassimilate distribution in plants and crops source-sink relation-
ships, 851-880. Marcel Dekker, New York.
WINKLER, A. J.; WILLIAMS, W. O.; 1945: Starch and sugars of Vitis vinifera. 
Plant Physiol. 20, 412-432.
ZAPATA, C.; DELÉENS, E.; CHAILLOU, S.; MAGNÉ, C.; 2004: Partitioning and 
mobilization of starch and N reserves in grapevine (Vitis vinifera L.). 
J. Plant Physiology 161, 1031-1040.
ZAPATA, C.; MAGNÉ, C.; DELÉENS, E.; BRUN, O.; AUDRAN, J. C.; CHAILLOU, 
S.; 2001: Grapevine culture in trenches. I. Root growth and dry mat-
ter partitioning. Aust. J. Grape Wine Res. 7, 127-131.
Received November 16, 2011
